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ABBREVIATIONS 
A adenylic acid 
C cytidylic acid 
OQ degrees centigrade 
CM-cellulose carboxymetliyl cellulose 
DEziE • diethylaminoethyl cellulose 
DNAase deoxyribonuclease 
DNS-Cl l-dimethylaminonaplithalene-5-sulfonyl chloride 
DNS-1^2 l-diinetb.ylaminonaphthalene-5-suifonyl amine 
2DTA ethylenediamine-tetraacetic acid 
2 
g acceleration due to gravity 9S0cra/sec 
g grams 
G guanylic acid 
L4I intrinsLC viscosity 
K concentration in moles per liter 
i?.g milligram 
ml milliliter 
np. millimicron 10 ^cm 
-9 
rjj. M milliraicromole • 10 mole 
H.U. molecular weight 
23 N Avogadro's number 6.02x10 molecules/mole 
OllD optical rotatory dispersion 
?CA perchloric acid 
RK/i ribonucleic acid 
RNAase ribonuclease 
iv 
ABBREVIATIONS (Continued) 
revolution per minute 
T i? . 
riDOsornal prccexn 
Svedberg, a unit of sedimentation velocity 10"^^ seconds 
sedimentation coefficient in Svedhergs reduced to viscosity 
and density of water 20° 
trich-loroacetic acid 
trietîiylamine 
H ,ïi ' ,-tetramethji'lethylenadiatnine 
tris(hydroxymethyl)aminomethane 
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INTRODUCTION 
Protein synthesis is one of the main biochemical activities in 
living matter. Many of the reactions in this process occur on ribosomes. 
However, the details of the part which the ribosome plays are still not 
clear. Part of the difficulty is that , little is knoivn about the structure 
of the ribosome, how many proteins each ribosome contains, its composi­
tion, and the organization of the S.NA and protein within the ribosomal 
particle. 
In this discussion the physical and chemical properties of bacterial 
ribosomes, especially those of E. coll, will be reviewed. A discussion of 
plant and mammalian ribosomes can be found in the monograph by Petermann 
(1964). Ribosomes are riboîiucleoprotein particles consisting of RNA 
(r-RNA) and protein. The ribosomes contain 61-63 percent ribonucleic 
acid and 37-39 percent protein (Tissieres _et , 1959). Individual 
ribosomes with a sedimentation coefficient of 70S (M.W. 2.86x10^) are 
obtained at 10 ^-10 magnesium concentration. These particles 
dissociate into two unequal subunits when magnesium concentration is 
lowered to lO"^!. One 70S particle will dissociate into two particles 
sedimenting at 503 (M.v7. 1.8x10 °) and 303 (M.W. 0.7x10^). At higher 
magnesium concentrations two 703 particles may aggregate into a single 
1003 particle. This dissociation and association of the ribosomes 
is reversible. At magnesium concentrations lower than 10 "Si, the 
ribosome becomes unstable and is degraded as a result of the activation 
of a latent RNAase (RIvAase I) which is usually associated with the 30S 
subunit (Tal and Elson, 1963). The enzyme probably becomes adsorbed to 
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the ribosorne during the isolation procedure (Neu and Heppel, 1954; 
Stanley and Bock, 1965). Polyamines putrcacine and spermidine have been 
found to be associated with ribosomes (Cohen and Lichtenstein, 1960). 
Spermidine plays a role in stabilizing ribonucleoprotein particles in 
a way resembling the action of Mg 
The effects of removal of magnesium from ribosomes have been 
studied in-a number of laboratories (Weller and Horowitz, 1964; Gesteland, 
1965; Spiring aJ., 1965). In these experiments the RNAase was inhibited, 
removed, or use was made of ribosomes from mutants deficient in RUAase I. 
It was shown by Weller (1966) that when purified 50S are depleted of 
magnesium by dialysis against EDTA, slower moving particles appear, 
sedimenting at 38S and 193-233. The transformation to a 383 particle 
can be reversed to a 503 component by restoration of magnesium, while 
the conversion to 193-293 cannot be reversed; instead a 303 component 
;V +2 (30"S) is produced on addition of Mg . These results generally coincide 
with those of Gesteland (1966) and Spirin _et al. (1965) , except for minor 
differences in 3 values. The transformed particles have the usual 
RNA/protein ratio and the extracted RNA molecule sediments at 233 as 
does that of the untreated 503 particle. In addition to the decrease 
in the sedimentation value of the ribosome, an increase in the intrinsic 
viscosity was found. The calculated molecular weight from S20 w TrI 
is the same for the normal and transformed particle (Weller, 1966). It 
also appears that the transformed particles are more sensitive to attack 
by RîïAase than the normal subunits. These data suggest that the removal 
of magnesium leads to structural changes which result in a less compact 
folding of the ribonucleoprotein particles. The 303 subunit also appears 
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to undergo such an unfolding but the details are not clear because the 
experiments were done with mixtures of 30S and 50S subunits. Experiments 
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describing the behavior of purified 30S subunits at low Mg ion concentra­
tion are reported in this thesis. 
Electron micrographs show the 5OS subunits to be approximately 
spherical and the 30S subunits to have a flatter form with a rather 
irrc;;iular outline (Hall and S lay tor, 1959). In the 70S particlc the 
smaller subunit fits like an overlaping cap on the flattened face of 
the larger one (Huxley and Zubay, 1960). 
Each of the subunits contains a single molecule of RNA.: The 50S 
particle contains a 23S (M.W. 1.12x10^) RNA molecule while the 30S particle 
contains a 16S (M.W. 0.56x10*^) RNA molecule (Kurland, 1960; Osawa, 1965). 
In addition a low molecular weight RNA (5S-RNA) is found associated with 
the 503 ribosome (Rosset ^  , 1964). Little is yet known about the 
"i 
function of this low molecular weight ribosomal RNA species although 
its sequence in H. coli has been determined (Brownlee _et , 1967) . 
The configuration and other properties of high molecular weight 
ribosomal RNA in free solution have been extensively studied. Less data 
are available, however, concerning the state of ribosomal RNA in the 
ribosomal particle because of the technical difficulties involved. 
Information about the ribosomal RNA within the ribosome has been obtained 
by X-ray analysis (Zubay and Wilkins, 1960; Langridge and Holmes, 1962), 
CRÛ (Allen and Scheraga, 1967), and hypochromicity studies (Schlessinger, 
1960; Bonhoeffer and Schachman, 1960). These suggest that the structure 
of the RNA in solution and of the RNA in the ribosome are the same. RNA 
in solution at moderate ionic strengths has a high percentage (circa 75 
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percent) of helical structure (Zubay and Wilkins, 1950). The arrangement 
of the UNA has been described as consisting of short stretches of helix 
connected by regions in which the double helical structure is not 
preserved (Rodgers, 1965; Spirin_et al., 1965; Langridge, 1963). 
The ribosome contains about 35 percent protein. This protein is 
very heterogeneous and there are a considerable number of what appear to 
be structurally different proteins in each 70S ribosome, but the extent 
of complexity is not clear. The function of the proteins is not kno^m. 
They might play a structural role or act as enzymes (Zamir ^  aj.. , 1966) . 
Waller and Harris (1961) extracted r-proteins with 66 percent acetic acid 
and obtained about 20 protein bands on starch gel electrophoresis. From 
N-terminal analysis the average molecular weight of these proteins was 
estimated to be 25-30,000 (Waller and Harris, 1961; Waller, 1963; Haruna, 
1963). More recently acrylamide gel electrophoresis of proteins prepared 
with 4M urea and 2K LiCl showed the 503 ribosomes to have 17 basic and 4 
acidic protein bands, and the 303 to contain 11 basic and 2 acidic protein 
bands (Cox and Flaks, 1964). These authors reported that the 303 and 503 
subunits contained only one band with the same mobility. Gesteland and 
ataehelin (1967) found twenty protein components associated with the 50S 
ribosome and fifteen with the 303 subunits; four bands of the 303 and 503 
components had the same mobility. In spite of the large number of protein 
bands, only a small number of amino acids were present at the N-terminal 
ends: alanine (38 percent), methionine (48 percent), serine (8 percent) 
and threonine, aspartic acid and glutamic acid (6 percent) (Waller, 1963). 
The difficulty in studying ribosomal proteins stems from their being 
almost completely insoluble in the absence of high urea concentration over 
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a wide pH range. Upon removal of RNA, these proteins form electrostatic 
complexes at all pH values where both acidic and basic groups are 
ionized, i.e., at all except extremely acidic and alkaline pHs (Spitnik-
Slson, 1964). Such complexes are usually insoluble and their formation 
is prevented only by salt solutions of high ionic strength. Amino 
acid analysis has shown that the total r-protein is particularly rich 
in lysine,-arginine and glutamic and aspartic acids (Spahr, 1962), 
which may explain the formation of electrostatic complexes. 
R-proteins are usually extracted from the ribosome with 66 percent 
acetic acid (Waller, 1961) or with 4M urea containing 2-3M LiCl (Leboy 
^_al., 1964; Spitnik-Elson, 1965). As these reagents are knoim to be 
denaturing agents, it is possible that the proteins extracted with them 
are denatured. However, these are the best known reagents for the ex­
traction of ribosomal proteins. 
The great number of protein bands observed on aery1amide gel 
electrophoresis raises the question of whether all components are 
present in the ribosome or whether they represent aggregates or degrada­
tion products. Aggregates of a small number of protein subunits could 
produce a very complex electrophoretic pattern. Available data do 
indicate that at high salt concentrations, even though the ribosomal 
proteins remain in solution, aggregates are present (Duerre, 1964). 
Attempts have been made to prove that the ribosomal proteins are 
heterogeneous and that each band seen on electrophoresis represents 
a structurally different protein. The reduction and alkylation of 
the r-proteins did not cause any changes in the number and rate of 
migration of the protein bands when analysed on acrylamide gel ' 
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electrophoresis (Moller and Chracnbach, 1967). This rules out intra­
molecular 3-S bonds, since gel electrophoresis is sensitive to changes 
in protein conformation. The electrophoretic band pattern is the same 
whether or not the protein is heated to 100°C in SM urea or 5 percent 
trichloroacetic acid (Traut, 1966), thus ruling out aggregation reactions 
as an explanation for the observed ribosomal heterogeneity. The clearest 
answer to the question of the degree of heterogeneity of ribosomal 
protein will be obtained from the study of each individual protein. 
This will require the separation of pure protein components and a 
number of fractionation techniques have been used. These include 
fractional precipitation with ammonium sulfate (Spitnik-Elson, 1963), 
CK-cellulose chromatography with and without urea (Spitnik-Slson, 1964; 
Waller, 1964; Moller and Widdowson, 1967), and gel filtration in sephadex 
(Duerre, 1964). None of these techniques has yielded well defined 
fractions until recently when fractionation of the proteins from the 
303 subunit on CM-cellulose has resulted in the separation of nine 
protein bands, each different from the others by criteria of amino acid 
composition and fingerprint pattern of tryptic digests (Traut _et aJ., 
1967). The observation of different fingerprint patterns for each of 
these proteins is further evidence for the structural heterogeneity of 
ribonucleoproteins. 
Another question which has not yet been answered is whether each 
of the 703 ribosomes is identical in their protein and RNâ components, 
or whether they consist of a heterogeneous population of particles 
each containing different proteins and ribonucleic acids. In a 
homogeneous ribosome population we would expect all ribosomal RNA 
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molecules to be identical. It has been shown that the 23S RNA molecule 
contains largely uridylic acid at the 3' end; some adenylic acid was 
also found. The 163 UNA contains primarily adenylic acid as the 3' end 
group with some uridylic acid also detected. It is not clear whether the 
minor end groups detected represent contamination with RMA from the other 
subunit or a different S.NA molecule. Indications that heterogeneous 
populations of ribosomes may exist are provided by the observations of 
changes in the nucleotide composition of ribosomal RNA obtained from 
cells grown in different media or harvested in different growth phases 
(Santer, 1961; Aronson and Holowczyk, 1965). No corresponding changes 
in the r-proteins have been found (Traut, 1966). The possibility that 
E. coli ribosomes are heterogeneous and each ribosome contains only some 
of the protein constituents is, thus, still open. To check this 
possibility we have attempted to fractionate the 50S subunit and examine 
the RNA of different fractions. 
A new way of studying the relationship between the structure and 
function of ribosomes has been opened with the success in splitting off 
part of the protein components from the ribosomes by centrifuging to equi­
librium in 5.2M CsCl (Hosokawa ^  aJ. , 1966) or with high concentrations 
of other salts CAtsmon et al.. 1967). The protein deficient ribosomal 
"core particles" thus formed from the 50S and 303 subunits have sedimenta­
tion coefficients of 423 and 233, respectively. These "core particles" 
are inactive in protein synthesis (Staehelin and Meselson, 1966). 
Reconstituted ribosomes, formed by mixing "core particles" with the 
proteins which had been removed (split proteins), regain their 
activity in poly U dependent polyphenylalanine synthesis and their 
ability to bind transfer RNA-in the absence of messenger RNA (Nomura and 
Traub, 1956). The dissociation of the protein from the ribosomes and 
their association is not gradual but proceeds by discrete steps. This 
suggests the existence of groups of cooperatively organized molecules. 
These experiments will help to clarify the detailed role of individual 
proteins in the fractionation of the ribosome. One of the split proteins 
was recently shovzn (Nomura, 1957) to be identical with the enzyme peptidyl 
transferase which is responsible for the actual formation of the peptide 
bond in protein synthesis and is present on the 503 ribosome (Traut and 
Monro, 1954; 2amir et al., 1966). These findings indicate the functional 
heterogeneity of at least some of the ribosomal proteins. 
The studies described in this thesis were done in the hope of 
learning more about the structure of ribosomes and their proteins. The 
work is divided into two parts, the first part deals essentially with 
the structural properties of the ribosome. The second part, comprising 
the main part of the investigation, deals with the fractionation and 
purification of a number of the ribosomal proteins. 
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METHODS AND MATERIALS 
Preparation of Ribosomes 
_E. coli B cells were purchased from Grain Processing Corporation, 
Muscatine, Iowa or grovm in salt medium under forced aeration as described 
by Levinthal _et (1962). 
The ribosomes used in this work were prepared by one of the following 
methods: 
A. Cells were ground in a prechilled mortar with 2.5 parts (wt/wt) 
of alumina. The paste was extracted with three volumes of buffer A (10 ^  
-4 TRIS-EC1 pH 7.4, containing 10 M magnesium acetate) containing 2^g of 
DNAase per ml. The mixture of broken cells and alumina was centrifuged 
at 20,000xg for 15 minutes and ribosomes pelleted from the supernatant by 
centrifugation in a Spinco Model L-2 ultracentrifuge for 4 hours at 
105,000xg, The pellet was resuspended in buffer A and the solution was 
clarified by centrifuging at 20,000xg for 15 minutes. The supernatant 
then contained ribosomes which were further purified by repeating the wash 
procedure 3-4 times. The method is essentially that described by Tissieres 
et^. (1959). 
B. Frozen cells were suspended in buffer A containing 2^g/ml DNAase 
and passed through a prechilled French pressure cell (Amineo Company, 
Silver Springs, Maryland) at a pressure of 10,000-12,000 psi. The 
suspension of broken cells was centrifuged for 45 minutes at 30,000xg 
to remove all debris and the supernatant was incubated with 0.5N NH^Cl 
at 37% for 30 minutes (Seeds and Conway, 1966). The precipitate formed 
was removed by centrifugation at 20,000xg and discarded. The ribosomes 
10 
in the supernatant were further purified by washing three more times as in 
procedure A. 
C. Hibosomes were also prepared as described by Kurland (1956). 
Briefly this involved first the suspension of frozen cells in 10 ^  TRIS-
liCl pH £.0 buffer containing 3x10"% succinic acid and 10 and 
breaking thetr. with the French pressure cell as in method B. To the 
30,000xg supernatant purocnycin was added to remove nascent proteins and 
the ribosomes were precipitated (3x) from the supernatant with 0.6M 
ammonium sulfate. 
D. E. coli cells suspended in 10 %I TRIS-llCl pH 7.4 containing 
10"% H3CI2 and 2ug/ml ûiii^ase were broken with the French pressure cell. 
Cell debris was removed and the ribosomes were pelleted for 3 hours at 
105,OOGxg. The pellet was suspended in ' 10"% TllIS-HCl pH 7.4 containing 
10 %'I MgCl^ and 0.5K Krl^Cl and again centrifuged as above to obtain the 
ribosomes. These were washed three more times with NH^Cl-containing buffer 
in which the MgCl^ concentration was gradually increased to 0.5 x 10 % 
and 10~%i; the final wash contained MgCl^ but the 0.5Mi^Cl was 
omitted. This procedure is essentially that described by Lucas'-Lenard 
and Lipmann (1966). 
Separation of Ribosomal Subunits 
Sucrose density centrifusation 
ïlibosome samples of 5-lOmg were layered on 25ml, 20-5 percent linear 
sucrose gradients (Britten and Roberts, 1960). The sucrose solutions 
were prepared in buffer A. After 5 hours of centrifugation at 25,000 rpm 
in the 3W25.1 rotor of the Spinco Model L ultracentrifuge the bottom of 
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the tube was punctured and one and seven drop samples were collected 
alternately. The tubes containing the one drop were diluted with 
2.5ml buffer A and the absorbance at 260n^ measured. The fractions 
containing 7 drops were saved for further experiments. To obtain 
large amounts of purified 50S and 30S ribosomal subunits, 50ml of 
25-10 percent linear sucrose gradients were prepared in buffer A. 
Samples containing 30-40mg of ribosomes were applied on top of the 
gradient and these were centrifuged for 11 hours at 25,000 rpm in the 
SW25.2 rotor of the Spineo Model L-2 ultracentrifuge. Sançles were 
collected as described above. The 50S and 30S fractions were pooled 
separately and dialysed against buffer A in order to remove sucrose# 
The purified 50S or 30S ribosomes were collected by centrifugation 
at 105,000xg in the Spinco Model L-2 centrifuge for 8-10 hours. 
Preparation of 30S subunits by differential centrifugation 
Ribosomes in buffer A were centrifuged at 105,000xg for 6 hours. 
Then the upper 2/3 of the supernatant was discarded. The ribosome 
pellet and the lower 1/3 of the supernatant were left in the cold 
for 5 minutes. After 5 minutes the supernatant was removed and 
clarified by centrifugation at 20,000xg for 15 minutes. The ribosomes 
in the supernatant were pellet again at 105,000xg for 6 hours and the 
supernatant treated as before. The lower third of the supernatant 
contained the 30S ribosomes which were usëd immediately, or kept at 
40G for one week. 
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Preparation of Ribosomal Proteins 
Total protein 
Ribosorral proteins were prepared essentially by the method 
described by Leooy et a%. (1S64) which employs 2M LiCl to precipitate 
the RKi and 4K urea to maintain the M-protein in solution. An equal 
volume of SH urea containing 4M LiCl was added to a ribosome solution. 
The mixture was left at 4°C overnight, and then centrifuged at 
20,000xg for 30 minu-tes to remove the PJ^IA precipitate. The protein 
sample was then dialysed against SM urea to remove the LiCl and 
stored in the cold until it was used for periods of 2-3 weeks. On 
occasion a slightly modified method was used to prepare r-protein 
(Spitnik-Elsor.j 1955) . This involved the use of 3M LiCl in 4M urea 
to precipitate the &NA. 
Fractional extraction of r-nrotein 
The procedure used for the fractional extraction of ribosomal 
protein was essentially that described by Johns (1964) for the frac­
tionation of histones. An ice cold solution containing 50mg (lOmg/ml) 
of ribosomes (prepared by method D) in buffer A was stirred with a 
magnetic stirrer or in a Serval omnimixer while enough ice cold 5N 
PCA (perchloric acid) was added slowly to give a final concentration 
of 0.5H. The mixture was mixed for 15 minutes and then centrifuged 
at 1,000x2 for 10 minutes, lîighty percent trichloroacetic acid (TCA) 
was added to the supernatant to give a final concentration of 20 
percent. The mixture was left for 30 minutes at 4% to permit the 
proteins to precipitate and then centrifuged for 30 minutes at 25,000xg. 
The resulting supernatant was discarded and the precipitated protein. 
fraction » which was pelle'ced as a fine film on the test tube wall' 
was dissolved in oM urea. This solution was dialysed immediately 
against oM urea to remove residual TCA. Occasionally fraction 
was difficult to dissolve and in these cases a drop or two of 0.3M 
iSiaOH was added. 
On a few occasions attempts were made to fractionate the proteins 
remaining in fraction the residue left after the extraction of 
fraction with 0.51\ ?CAFraction was further extracted with 
10ml of 75 percent ethanol containing 0.25Iv hydrochloric acid. The 
mixture was kept overnight at 4°C and then centrifuged to separte the. 
supernatant and pellet. Five volumes of cold acetone were added to the 
supernatant to precipitate fraction F2 which was redissolved in 8M urea. 
The sediment remaining after the extraction of fraction F2 was further 
extracted by mixing with 0.25K hydrochloric acid. The suspension was 
centrifuged and the protein extracted by 0.25K hydrochloric acid was 
precipitated as fraction with five volumes of cold acetone. The 
sediment left after the extraction with 0.25N hydrochloric acid was 
discarded. 
Total protein from fraction Pt The,pellet P2 left after the 
extraction of ribosomes with 0.5N ?CA was suspended in 4M urea and 3M 
LiCl. The suspension, which was slightly acidic was neutralyzed, left 
overnight at 4%, and then centrifuged at 20,000xg for 30 minutes. The 
supernatant, which contained the proteins from P^j was dialysed against 
8M urea and stored at 4°C until analysed by acrylaraide gel'electro­
phoresis. 
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Electrophoretic Procedures 
n isoontlnuQu.s dlr.c-pjol GlccCrophorc.'iif; 
Disc electrophoresis of ribosomal proteins at pH 4.5 in 3M urea was 
carried out according to the procedure described by Leboy ^  al,. (1954) 
and Cox and Fiaks (1964). 
Solutions : 
24ml IN KOH, 8.6ml glacial acetic acid, 2ml 
NjKjN',-tstramethylethylenediamine, 24g 
urea, water to a total volume of 50ml. 
24ml IK KOH, 1.44ml glacial acetic acid, 
0.23ml K,N,N',N',-1etramethy1ethylenediamine, 
24g urea, water to a volume of 50ml. 
6.65g acrylamide, O.lg K,N*-methylenebis-
acrylamide, 24g urea, water to a volume of 
50ml. 
2.5g acrylamide, 0.625g N,N'-raethylenebis-
acrylamide, 24g urea, water to a volume of 
50ml. 
l.Omg riboflavin, 50ml SM urea. 
1.12 percent ammonium persulfate in 8M 
urea prepared fresh daily. 
Reservoir buffer (stock solution) for electrophoresis: 
31.2g yS alanine, 8ml glacial acetic acid, 
water to total volume of one liter. The 
•pH of the buffer was adjusted to 4.5 and 
it was stored at 4°C. Prior to use the 
stock solution was diluted five fold with 
distilled water. 
Lower gels were prepared by mixing: 1 part A, 6 parts C and 1 part 
Upper gels were prepared by mixing: 1 part B, 4 parts D, 1 part S 
and 2 parts SM urea. 
Gels were polymerised at room temperature as described by Ornstein 
and Davis (1959) in glass tubes 5cm long with a 5mm inside diameter 
For electrophoresis of two samples at once in one tube (split gel), a 
tight-fitting waxed cardboard divider was inserted do^m to the lower gel 
Solution A: 
Solution B: 
Solution C: 
Solution D: 
Solution £: 
Solution F: 
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surface before the upper gel solution was added. Samples of 100-200mg 
protein in 8M urea were added on top of the upper gel. Buffer was then 
layered carefully over the sample and the tubes inserted into the 
electrophoresis apparatus. In some experiments no upper gel was used 
and the sample was added on top the lower gel. A currcnt of 3ma per 
tube was applied with the anode in the upper chamber. The clectrophoretic 
run was carried out at 4°C and terminated after 2 hours. The gels were 
stained with one percent amido black for 1 hour and destained electro-
phoretically in 7.5 percent acetic acid. 
Electrophoresis at pH 8.7 was carried out in the same way except 
that different solutions were used: 
Solution A: Sml IN HCl, 6,05s TRIS, 0.09ml N,N,N',N',-tetra-
methylethylenediamine, 24g urea, water to a 
volume of 50ml. 
Solution B; 12ml IN HCl, 1.5g TRIS, 24g urea, water to a 
volume of 50ml.• 
Solution C: 7.5g acrylamide, 0.2g N,N'-methylenebisaerylamide, 
3.75rag KoFeCCN)^, 24g urea, water to a volume of 
50ml. 
Solution Û; 3.33g acrylamide, 0.83s N,K'-methylenebisacrylamide, 
24g urea, water to a volume of 50ml. 
Solution S: 4mg riboflavin in 100ml of 8M urea. 
Solution F: 0.56 percent ammonium persulfate in 8M urea prepared 
fresh daily. 
Reservoir buffer: 6g TRIS, 28.Sg glycine, water to a total volume 
of 1 liter and the pH was adjusted to 8.7. 
Lower gels were prepared by mixing: 3 parts of A, 4 parts of C and 1 
part of F. 
Upper gels were prepared by mixing: 2 parts of B, 3 parts of D, 1 
part of S and 2 parts of urea. 
Electroohoresis at pH 4.5 with a. continuous buffer system 
The method generally was that described by Hjerten et al. (1965). 
The gel was prepared from the same solutions (A, C and F) described for 
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the lower gel in the discontinuous method at pH 4.5 except that p 
alanine and acetic acid were added to give a final concentration equal 
to that of the buffer in the reservoir no upper gel was used. Protein 
sample was dialysed against a ten fold dilution of the buffer used in 
the reservoir and placed above the gel in this dilute buffer. At the 
start of the run 2ma per tube were applied for 15 minutes and the 
current then raised to 3ma per tube. 
A commercial gel electrophoresis apparatus from Distillation 
Products Industries was used for all analytical disc gel electrophoresis 
experiments. 
Preparative scale disc-gel electrophoresis 
A Buchler preparative polyacrylamide gel electrophoresis apparatus 
(poly prep) was used in these experiments. Gel solutions and buffers 
were the same as those used for the analytical acrylamide gel electro­
phoresis at pH 4.5 except that a five times concentrated ^  alanine 
buffer was used in the reservoirs. The height of the lower gel was 
1cm and volume of the upper gel was 5-7ml. The volume of the protein 
sample which was placed on top of the upper gel was the same as that 
of the upper gel. The protein sample was in 8M urea containing 
the same buffer used for the upper gel. Electrophoresis was carried 
out at 4°C or 14°C for 6-24 hours at a constant current of 50ma. 
The elution buffer was the same as that in the reservoirs with the 
addition of 4M urea. In a number of experiments the lox^er and upper 
gels were washed by electrophoresis before the sample was applied in 
order, to remove material from the gels which gave a positive reaction 
with Lowry's reagent. It is true that prewashing the gels changes 
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the properties of the discontinuous acrylamide gel system; however, 
a, useful fractionation of ribosomal protein was nevertheless observed 
(Figure 2). Since it was necessary to pre-electrophorese the acrylamide 
gels a continuous gel electrophoresis method (Hjerten ^  a%., 1965) was 
used in some experiments. In this case only a lower gel was used and 
the gel contained the same buffer present in the reservoirs, so that 
washing the gel did not cause any change in the gel properties. The 
gel solutions for the continuous gel electrophoresis were prepared as 
described for analytical continuous electrophoresis, except that the 
acrylamide concentration was 7.5 percent. Results with the continuous 
method were similar to those with the discontinuous procedure. 
Chromatographic Procedures 
CM-seohadex 
CM-sephadex was equilibrated with 0.005M sodium acetate buffer 
pH 5.5 containing oM urea. Fine particles were removed by décantation 
and the sephadex poured into a column lcmx20cm. Protein samples of 14mg 
to 28mg were placed on the column and eluted at 4°C by increasing the 
concentration of the sodium acetate buffer from 0.005M to 0.4M (Waller, 
1964). The flow rate was variable as the column shrank with the 
increase in buffer concentration. The effluent was monitored by 
measuring the absorbancy at 280mp, the peak tubes were pooled and 
concentrated by p ervap or at ion in the cold room (4%) . 
CH-cellulose 
This substituted cellulose was washed and equilibrated according 
to the procedure of Peterson and Sober (1962) and packed into a 
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column. The column was equilibrated and washed overnight with O.OIM 
sodium acetate pH 5.4 containing 6M urea. The size of the column was 
varied according to the amount of protein to be applied. A column of 
IcmxScm was used for 5-lOmg protein and 2.2cmx8cm for sample,s of 30-50 
mg. Samples were eluted at 4% by increasing the buffer concentration 
from O.OIM to 0.4M. The flow rate was 10-12ml/hour and fractions of 
3.5ml were collected. Protein in each fraction was estimated by the 
procedure of Lowry ^  al. (1951). The recovery was 55-70. percent of the 
input protein. 
The tubes from individual peaks were combined and protein concentrated 
by dialysis against 20-30 percent carbowax 6000 at 4°G. The protein 
solutions were concentrated to 0.2-1ml. Some of the carbowax penetrated 
the dialysis bags. 
DEAE-cellulose and TS/lS-cellulose 
Peterson and Sober's (1962) procedure was used for washing and 
equilibrating the cellulose. A number of different buffers were used 
in various experiments and are indicated in the text. The columns lcnix9cm 
were packed and maintained at 4°C throughout the experiment. In each 
case the elution of protein was effected by a stepwise increase in NaCl 
concentration from 0.02M to 0.4M. The elution profile at 280mp was taken 
and the various fractions were concentrated by p ervap orat ion at 4®C. 
Analytical Methods 
Protein determination 
Ribosome samples to be analysed for protein content were precipitated 
by the addition of TCA to give a.-final concentration of seven percent. 
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Precipitates were collected after an hour incubation in the cold (4-6°C) 
and the nucleic acid was extracted with seven percent TCA at 92°C for 
ten minutes. Both pellet and supernatant were saved. The insoluble 
pellet was redissolved in 0.3N NaOH and its protein content estimated by 
the procedure described by Dowry ^  (1951). Ovalbumin was used as a 
standard. 
The procedure of Lowry ^  (1951) was also used for the 
estimation of protein eluted from the ion exchange columns or the 
polyacrylamide gels (preparative scale electrophoresis). But in these 
cases the protein sample was not precipitated with TCA; 0.5ml was 
removed from each fraction and the protein in these portions was 
estimated. 
Nucleotide analysis 
Ribosome samples were precipitated with 0.25N PCA. This mixture 
was left in the cold for 10 minutes and then centrifuged. The supernatant 
was discarded and the pellet was dissolved in 0,3N NaOH and incubated at 
37°C for 24 hours to hydrolyze the RNA. The pH of the solution was checked 
• -- r 
with pHhydrion paper, if the pH was lower than 14 NaOH was added and the 
sample was"incubated again at 37°C until no further change in the pH was 
observed. Then the hydrolysate was acidified to pH 1.0 with IN HCl, any 
precipitate formed was removed by centrifugation. The supernatant was then 
neutralysed with 2N NaOH and any undissolved material again removed by 
centrifugation. 
The nucleotides were separated by two dimensional chromatography 
(descending) (Lipshitz and Chargaff, 1960). Papers were spotted with 
0.1-0.15mg of hydrolyzate and chromatographed for 24 hours in 70 percent 
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iscpropanol as solvent in a clianber saturated with, ammonia (0,35ml 
per liter air space, placed at the bottom of the chamber). After 
drying, the papers were developed in the second dimension in isobutyric 
acid: 0.5I-I NH,OI-I (5:3) for 18 hrs. 
The dried chromatograms were viewed under an ultraviolet lamp (Gates 
Paymaster lamp with a germicidal, short wavelength ultraviolet bulb) to 
locate the-nucleotides. The nucleotides were cut out and eluted with 3 or 
4ml of O.IM potassium phosphate buffer pH 7.0. The absorbance of the 
eluted samples was taken at 250, 260, 280, 290 and 310mp. The amounts in 
micromoles of each nucleotide were calculated from the readings at 250mp 
using the following extinction coefficients: 15.0 for adenylic acid, 11.8 
for guanylic acid, 10.0 for uridylic acid, 7.6 for cytidylic acid. 
Radioactivity measurements 
Radioactivity measurements were carried out by precipitating the 
samples with cold 7 percent TCA after the addition of bovine serum albumin 
(G.4mg per tube) as a carrier. Sarmles were left in the cold for 1 hour 
and then centrifuged at 1,200xg for 10 min. The pellets were washed two 
additional times with 7 percent TCA. The precipitated samples were 
dissolved in 0.4ml of IK and dried on nickel plated planchettes 
(5/15x1 inch) after addition of a drop of 0.25 percent ultrawet to aid 
spreading. Samples were counted at infinite thinness in a Nuclear-
Chicago D-47 gas flow counter equipped with Micromil window. 
N-terminal analysis 
Preparation of DNS-amino acids Protein samples were dialysed 
against O.IM NaHCO^ then reacted with 1-dimethylaminonaphthalene-5-
sulfonyl chloride (DNS-CI) as described by Gray and Hartley (1963). 
Equal volumes of DNS-Cl (Img per 1ml in. acetone) and protein sample in 
C.IH NaiiCC^ were mixed. During the reaction with DNS-Cl a precipitate was 
-formed in each of the samples. After 3 hours at room temperature the 
samples were dialysed against water to remove excess DNS-Cl and DN3-0H 
which was formed during the reaction. Concentrated hydrochloric acid 
was added to each sample to give a final concentration of 6N, and they 
were hydrolysed in sealed, evacuated tubes for 24-29 hours at 110°C. The 
hydrolyaatc samplc.-î were evaporated on a flush evaporator Rotavapor R. 
(Buchi). The dry samples were dissolved in 0.2-0.5ml of an acetone-
acetic acid mixture (prepared by mixing 3 volumes of acetone with 
2 volumes of O.IN aqueous acetic acid). DKS-amino acids for use as 
standards were prepared in a similar manner except that the dialysis 
and hydrolysis steps were omitted. 
Thin-1 aver chromatog-rar)hv The DNS-amino acids were separated 
by the layer chromatography. A 20x20cm glass plate was coated with a 
1:2 slurry of silica gel G in water. The 0.25mm thick layer of silica 
gel was applied with a Stahl-Desaga apparatus (Brinicman Instruments, Inc.), 
then coated plates were dryed for IS hours at room temperature and_ 
activated for 15-30 minutes at 110°C before use. Samples containing 
0.1-2.0mp moles of DKS-amino acids were applied. The solvents used 
for chromatography were a) benzene:pyridine:acetic acid (80:20:2) or 
b) chloroform:tert-amyl alcohol:formic acid (70:30:1) (Morse and Horecker, 
1955). A solvent rise of 16-17cm was obtained in 1-1.5 hours. The 
fluorescent DNS-amino acids were located with an ultraviolet source 
(Gates Paymaster lamp). The results are expressed as distance migrated 
relative to the migration of DNS-NH2 which was added to each sample 
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before chromatography (R-values). The most reproducible relations were 
obtained when the results were expressed as R values. 
Ultracentrifugat ion 
Ultracentrifugal analyses carried out with a Spinco Model E 
ultracentrifuge equipped with schlerien and ultraviolet optics. The 
Beckman Model RB Analytrol densitometer was used to analyze the optical 
density of the films obtained with the ultraviolet optics. 
Pictures of the gels from the disc electrophoresis experiments 
were taken with a Polaroid tlP-S, Multi-purpose Industrial View Land 
Camera. Polaroid type 52 film, an aperture of f/5.6 and an exposure 
time of 1/125 were used. 
Pictures of thin layer chromatography plates used for the 
chromatography of DNS-amino acids were placed above an ultraviolet 
source. A yellow filter was placed in front of the camera lens to 
absorb the ultraviolet light. Minolta SRl camera was used with a high 
speed Ektachrome, Kodak film. The exposure time was 2 seconds. 
Reagents 
TE MED (N,N,N',N',-tetramethylethylenediamine), acrylamide, MBA 
(N,N'-methylenebisacrylamide),•and ^ alanine, were purchased from 
Eastman Organic Chemicals. CM-sephadex (4.5-0.5 milliequivalents/gm) 
was obtained from Pharmacia Fine Chemicals and TEAE-cellulose (T-cellex) 
(0.39 milliequivalents/gm) from Bio-Rad Laboratories. DEAS-cellulose 
(1.0 milliequivalents/gm) was purchased from Sigma Chemical Cong)any; 
CM-cellulose (0.7 milliequivalents/gm) from Macherey, Nagel and Co. 
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Alumina Bacteriological grade A 305, was a gift from Alcoa Chemicals; 
DKAase was purchased from Worthington Biochemical Corporation, Freehold, 
New Jersey and Carbowax 5000 from Baker Chemicals Co. Potato starch 
was bought from E. H. Sargent and Co.; Silica gel G for thin layer 
chromatography from Brinkman Instrument, Inc. and DNS-Cl (1-dimethyl-
aminonaphthalene-5-sulfonyl chloride) from Aldrich Chemical Co., Inc. 
Bentonite was obtained from Fisher Scientific Company (USP grade) and 
processed as described by Frankel-Conrat ^  ai» (1961). Urea was 
deionised by stirring 1 liter of 8M urea with 10,0ml mixed bed resin 
(Amberlite l'IB-3) for 2 hours. Dialysis tubing (A. H. Thomas) was 
boiled in O.IM sodium bicarbonate, washed extensively with deionized 
water and stored at 4°C. All other reagents used were either primary 
standards or analytical grade reagents. 
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RESULTS 
Studies on the Structure of Ribosomes 
A number of studies were performed in hope of learning more about 
the structure and composition of ribosomes. Part of the experiments 
described are an extension of the work done by Weller (1966) dealing with 
the effect of EDTA on a mixture of 50S and 30S ribosomes and purified 50S 
subunits. He showed that removal of magnesium from 50S ribosomes resulted 
in the appearance of one or more slower sedimenting components as the 
result of an expansion or unfolding of the nucleoprotein particle. The 
4-2 
behavior of the 30S subunit at low Mg was not clearly described in 
these studies because of the conversion of 50S ribosomes to a component 
sedimenting at about 30S (SO^ 'S). We therefore undertook to examine the 
effects of the removal of magnesium from the normal 30S subunit in more 
detail. 
+2 
In addition the transformation of ribosomes at low Mg ion concentra­
tions was used in an attempt to fractionate the 5OS subunit. As mentioned 
previously the removal of magnesium from 50S ribosomes results in the 
appearance of particles with slower sedimentation constants, 38S and 
19S-23S. I'Jhen dialysed back against 10"'^ 1 Mg^  ^these sedimented at 50S 
and 2SS-30S (30 S), respectively. Dialysis against EDTA resulted in a 
* 
gradual transformation of the 50S subunits to the 30 S particle. This 
might be an indication that the ribosomes are heterogeneous and that 
+ 2 
the various fractions react differently in giving up their Mg . To 
test this hypothesis the nucleotide composition of 50S ribosomes was 
examined after varying degrees of conversion to 30*S particles. 
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The Effect of EÛTA on Ribosomal Subunits 
+2 The removal of Mg . from 30S ribosomes resulted in changes in the 
sedimentation constant. A solution of 30S ribosomes in buffer A (Figure 
la) containing 0.5mg bentonite per mg of ribosomes, to inhibit RNAase I 
present on the ribosome, was divided into six 1ml portions. Duplicate 
samples were dialysed for a) 30 minutes, b) one hour and c) two hours 
against 5x10 EDTA in 10 ^  TRIS-HCl pH 7.4. At the end of the 
dialysis period, one sample of each pair was immediately examined in the 
analytical ultracentrifuge (Figure lb) while the second sample was 
dialysed for 24 hours against buffer A (10~^ M Mg*^ ) and then analysed 
in the ultracentrifuge (Figure Ic). The results indicated that after 
short periods of dialysis against EDTA the 30S subunit is converted to 
a component moving at 27S. The particle could be reversibly converted 
to the 303 particle (Table 1). A 17S-213 component was obtained 
when the 303 ribosomal particle was dialysed for a longer period against 
EDTA. This particle was converted to a 273 particle after restoration 
of Mg^ 2 (I0"4%,i), This difference in sedimentation rate between 273 and 
30s is small but was consistently noted in a number of experiments. It 
may be that the more extensive transformation to a 173-213 particle 
could not be entirely reversed. 
Attempts to Fractionate 503 Ribosomal Subunits 
It was mentioned earlier that on dialysis against EDTA the 503 sub-
units undergo a gradual transformation to 30 3 particles. This might 
be an indication that 503 ribosomal subunits are heterogeneous. To test 
this possibility 503 subunits were converted to the 30*3 component to 
Figure 1. Ultracentrifugation of magnesium depleted 30S ribosomal 
subunits 
a. Purified 30S ribosomes at 10"^ M $20 y = 32 
b. 30s ribosomes dialysed for 2 hours against 5x10"% 
2^0.» ' " 
c. 30s ribosomes dialysed for 2 hours against SDTA and 
then dialysed against 10"% Mg^ 2, s^ q y = 27 
5 
27 
b 
27 
28 
Table 1. Effect of removal of magnesium ions on the 30S ribosomal 'subunit 
Time dialysed against 
EDTA (hr) 
Time dialysed back 
against Mg*"^  (hr) 
S values 
Experiment I 323 
1 - 213 
1 24 273 
2 - 173 
2 24 273 
Experiment II 0.5 - 273 
0.5 18 323 
2 - 193 
2 18 273 
varying degrees and the nucleotide composition of the RKA in the remaining 
503 subunits and in the 30"S particles was determined. Purified 50S sub-
units 5rag/ml were dialysed for different time periods against 5x10"% 
EDTA in 10 % TE.IS-HC1 pH 7.4 (in the presence of Img bentonite per mg 
ribosomes) and then dialysed for 24 hours against buffer A (10"'^ 1 Mg"**^ ). 
The 30"s particles formed and the remaining 5OS ribosomes were separated by 
means of sucrose density gradient centrifugation and analysed for their 
nucleotide composition (Table 2). In the experiment involving a partial 
conversion of 50S to 30^ 5 (Table 2, experiment I) the recovery of the 30"S 
ribosomes was low and only the remaining 5OS material was used for nucleo­
tide analysis. In this experiment the 50S ribosome preparation dialysed 
for 2 hours against EDTA contained the 50S and 30''3 material of about 
9:1; when dialysed for 2.5 hours the ratio was nearly 1:1; after 4 hours 
only the 30"S could be observed. There were no significant differences 
in the nucleotide composition of the various fractions. In another 
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Table 2. Nucleotide composition of 50S ribosomes and the 30*S particles 
derived from them -
Time of dialysis 
against EDTA (hr) 1 2 2.5 4 
Experiment I nucleotides original 50S left 50S left 30* 
50S after dialysis after dialysis 
A 25.3 25.2 25.4 26.2 
G 21.8 21.4 21.6 21.1 
U 22.0 21.4 21.5 22.0 
G 31.6 31.8 • 30.8 30.7 
Experiment II nucleotides 50S left 30*S 
after dialysis 
A 26.7 26.4 
C 23.4 22.6 
u 20.5 19.6 
G 29.2 31.5 
experiment about half of the 50S ribosomes were, converted to 30*3 ribo­
somes (Table 2, experiment II) and after separation on sucrose density gra­
dient the nucleotide composition of each component was determined. Again 
no significant difference between the two fractions were noted; the low 
value for guanylic. acid in the remaining 50S might be due to loss of 
some of the component during the analysis. There were slight differences 
in the nucleotide composition determined in experiment I in comparison to 
experiment II. We cannot account for these differences. 
Ribosomal Proteins 
Our main object in this part of work^ was to fractionate the mixture 
of ribosomal proteins and isolate individual components. To find a good 
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method for this fractionation a number of procedures were studied. A good 
resolution of all 28 ribosomal (70S) protein bands could be obtained by 
analytical acrylamide disc-gel electrophoresis (see Figure 12a). This 
prompted us to attempt the fractionation of the r-proteins by acrylamide 
electrophoresis on a preparative scale. The fractionation of r-proteins 
on a number of ion exchangers was also studied. Among the ion exchange 
materials examined were CM-sephadex and CM-cellulose, both cation 
exchangers, which were expected to retain most of the ribosomal protein 
since the majority are basic. To examine fractionation of the more 
acidic proteins we employed the anion exchangers DEAE-cellulose and T2AE-
cellulose (T-cellex). In addition since ribosomal proteins resemble 
histones (Crampton and Petermann, 1959) a method used for the extraction 
and fractionation of histones was investigated. 
Some preliminary experiments on the total ribosomal protein 
A few trial experiments concerning the preparation of ribosomes and 
ribosomal proteins were carried out as a preliminary, to the fractionation 
procedures. Ribosomal proteins when prepared with 4M urea and 3I'I LiCl 
(see Methods) contain about 28 protein bands as shoxm by acrylamide gel 
electrophoresis (Leboy ^  al., 1964). As a negatively charged particle 
the ribosome has a great tendency to adsorb proteins, especially basic 
ones (Petermann, 1964). Some of the bands observed might therefore 
represent proteins which had been adsorbed to the ribosome during cell 
breakage or ribosome preparation. In order to test this possibility 
ribosomes were prepared by a number of different methods intended to 
eliminate as much extraneous proteins as possible and their proteins 
then analysed by disc-gel electrophoresis and the patterns compared. 
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Pvibosomes were prepared in five different ways: a) washed in high ionic 
strength buffer 10"^ I Mg"^ ,^ b) washed in low ionic strength buffer 
10~\l (Tissieres jet , 1959) , c) ribosomes were precipitated (3x) 
with ammonium sulfate (Kurland, 1960), d) the subunits were incubated 
at 37°C with 0.5N ammonium chloride in order to remove adsorbed proteins 
(Seeds and Conway, 1966), e) ribosomes were washed with buffers containing 
0.5N ammonium chloride and of which the concentration was increased 
consecutively from 10~% to 10"% (Lucas-Lenard and Lipmann, 1966). Each 
of the ribosome preparations yielded protein electrophoresis patterns 
similar to those shown in Figure 12a; the results for the individual 
ribosome preparations are not shown. In most later experiments ribosomes 
were prepared by the method of Tissieres ^  a2. (1959) or Lucas-Lenard and 
Lipmann (1966). 
Ribosomal proteins are prepared in high urea concentration in order 
to keep them in solution. It is known that cyanate ions are formed in 
urea solutions when these solutions are kept in room temperature or at 
low temperatures for longer periods (Marier and Rose, 1964) and these 
can carbamylate the free amino groups of proteins changing their electro-
phoretic mobility (Stark et al., 1960; Cole and Mechman, 1966). To test 
whether carbamylation of the ribosomal proteins is one of the reasons 
for the appearance of a multiplicity of protein bands the effect of 
deionizing the urea was examined. No marked differences between the band 
pattern on disc-gel electrophoresis of the proteins prepared in deionized 
or non-deionized urea were observed; again both patterns were essentially 
identical to that sho^ m in Figure 12a. In spite of these results all 
future experiments were carried out with deionized urea. 
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Although we could not find any evidence for the carbamylation of 
ribosomal proteins in urea solutions, we tried to eliminate its use by 
examining different methods for the extraction of the proteins from the 
ribosomes. We tried to extract total r-proteins using higher concentra­
tions of Lid than those used in the standard procedure, 6M, 9M and 
omitting urea. We hoped that high concentrations of LiCl would 
dissociate-the ribosomal proteins and ribosomal'RM and would precipitate 
the latter (Barlow ^  , 1963) while leaving the protein in 
solution. The addition of 3K LiCl alone did not precipitate the ribo­
somal PJiij while DM and 9M LiCl did precipitate it. The supernatant 
after removal of the precipitate by centrifugation was analysed by 
disc-gel electrophoresis and the protein pattern found to be identical 
to that obtained when the proteins were extracted with urea and LiCl 
(see Figure 12a). Since the amount of protein extracted with LiCl was 
only 70 percent of the total r-protein compared to the 94 percent yield 
obtained when 3M LiCl and urea were used no further attempts to extract 
.the r-proteins with LiCl were made.-
Another possibility to account for the large number of ribosomal 
proteins would be the formation of non-specific S-S linkages between 
different proteins; this could cause the appearance of new protein bands 
on the acrylamide gel electrophoresis. Therefore, ribosomal proteins 
were incubated with mercaptoethanol to reduce disulfide bonds. The number 
and distribution of protein bands in the mercaptoethanol treated sample 
were the same as in an untreated sample, essentially ruling out the 
possibility that heterogeneity is due to disulfide bond formation. 
These results agreed with those obtained by Traut (1966). 
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Glyceraldehyde has been shown to react with the free amino groups of 
proteins (Schwartz, 1965). Ribosonial proteins were incubatcd with 0.2M 
glyceraldehyde for 24 hours at 39°C. I'Jhen analysed on acrylamide gel 
electrophoresis at pH 4.5 only three slow moving protein bands were 
observed (figure not shorn), Ife did not pursue these observations 
further and do not know whether most the proteins moved toward the anode 
because their charge was changed" or whether all the proteins moved as 
three bands after the amino groups were blocked. It would be interesting 
to examine this reaction in greater detail. 
Preparative scale acrylamide gel electrophores is 
Several attempts were made to separate r-proteins by large scale 
disc electrophoresis. The details of the procedure are described under 
Methods. The upper and lower gels were pre-washed because some of 
the reagents (especially the TEMED) required for the polymerization of 
the gel gave a positive reaction with the Lowry reagent. These materials 
were eluted during the first 3-4 hours of electrophoresis. IVhen all the 
material giving a positive reaction with the Lowry reagent had been 
eliminated, 12Smg of ribosomal proteins were placed above the upper 
gel and a current of 80ma was applied. Folin positive material began 
to be eluted after about 5 hours and a number of other peaks were eluted 
during the next six hours (Figure 2). The peaks were pooled into three 
fractions A, B, C as shown in Figure 2. After concentration the peaks 
were analysed by disc-gel electrophoresis and the results are shown in 
Figure 3. The material in peak C was lost. A number of bands are 
present in each of the peaks A and B; some of the protein bands are 
present in both peak A and peak B. t 
Figure 2. Preparative scale disc-gel electrophoresis of total ribosomal protein; the 
absorbance of the Lowry reaction was read at 750mu' ( — —-4 fractions 
pooled) 
TIME ,HOURS 
Figure 3. Disc-gel electrophoresis of pooled fractions from preparative 
scale disc-gel electrophoresis. A and B correspond to peaks 
A and B, respectively, in Figure 2; 703 corresponds to the 
total ribosomal protein 
37 
70S FI B 
pH 4.5 
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Although it is contrary to the principles of disc-gel electrophoresis 
to pre-electrophorese the lower and upper gels, similar elution patterns 
were obtained when a continuous gel electrophoresis system was employed 
(lijcrten _ct _nl., 1955). The method seems to have further possibilities 
for the fractionation of ribosomal proteins but because of a number of 
technical difficulties this procedure was not further explored. 
Chromatography on cat ion exchangers 
The fractionation of ribosomal protein on CM-sephadex was examined 
and compared with that on CM-cellulose. Twenty-eight mg of ribosomal 
protein in 0,.05K sodium acetate buffer at pH 5.6 containing SM urea 
were placed on a CM sephadex column. Most but not all of the 
protein was adsorbed to the column in this buffer (Figure 4) and elution 
was carried out by means of a stepwise increase in the concentration of 
NaCl and followed by means of the Lowry reaction. Four major peaks were 
clutcd at O.IN, 0.2N, 0.3N and 0.4N NaCl. The peak tubes were pooled, 
the solutions concentrated by pervaporation and analyzed by acrylamide 
gel electrophoresis (Figure 6). I'Jhile concentrating part of the 
proteins in peaks 3 and C precipitated and the precipitate could not be 
redissolved. Peaks A, B and C contained the more acidic proteins, while 
peaks D and E contained the more basic proteins (Figure 6). The sane 
protein bands appeared in a number of peaks, e.g., band X is present in 
three of the peaks A, B and C. It is not clear whether this represents 
an imperfect separation of one protein or whether the one electrophoretic 
band contains several different proteins. 
A similar experiment using the same buffer and elution procedure was 
performed with CM-cellulose (in this experiment the elution pattern was 
Figure 4. Chromatography of 703 ribosemal protein on CM-sephadex ( I f fractions 
pooled) 
5 
0.2N 0.3 N 0.05 N 0.1 N 6 
. 2  
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FRACTION NUMBER 
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Figure 5. Chromatography of 703 ribosomal proteins on CM-cellulose 
( 1 1 fractions pooled) 
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Figure 6. Disc-gel electrophoresis of protein fractions obtained from 
CM-sephadex (The letters correspond to the peaks in Figure 
4) 
Figure 7. Disc-gel electrophoresis of fractions obtained from CM-
cellulose (The letters correspond to the peaks in Figure 
5) 
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followed by measuring the absorbance at 280mp). A small peak. A, was 
elutcd at low ionic strength (Figure 5), however no protein was observed 
in this peak (Figure 7). Two peaks (plus a small early one) were eluted 
with 0.05N NaCl; two additional peaks were eluted when the NaCl concentra­
tion was raised to O.IN and another peak eluted at 0.2N NaCl. The peaks 
were pooled as indicated in Figure 5 concentrated and analysed by acryla-
mide gel electrophoresis (Figure 7)« With increasing NaCl concentration 
more basic proteins were eluted and peak F contained the most basic 
proteins. Peak B contained one major band and a number of minor bands. 
Peak C contained two major bands and a number of minor bands. Peaks D, E 
and F contained four or more proteins. Peaks B, C, D and E contained the 
same slow moving band. Different protein patterns were obtained when 70S 
proteins were eluted from CM-sephadex or CM-cellulose (compare Figure 6 
and 7). In the case of CM-cellulose, fractions with a small number 
of proteins were obtained while each fraction eluted from CM-sephadex 
contained four or more proteins. No further work with these ion exchangers 
was done, since at this time we obtained better fractionation of the r-
protein with the perchloric acid extraction procedure. 
Chromâtographv on anion exchange celluloses 
A number of experiments were carried out with OEAE-cellulose which 
should adsorb the more acidic proteins. Two different buffers were used 
in order to find out which one would best fit our requirements. One was 
10"TRIS-HCl pH 7.4, the other lO'^ M sodium phosphate pH 7.4, both 
contained 6M urea. In both instances the proteins were eluted in a 
stepwise manner by increasing NaCl concentration from 0.05N to 0.4N. 
The elution pattern was determined with the Lowry reagent at 750mji. 
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Most of the proteins applied did not adsorb to the column, as was expected, 
and were washed off at low salt concentration (peak A, Figures 8 and 9). 
In the experiment with the sodium phosphate buffer additional peaks were 
eluted, at Û.05N, O.IN and 0.2 NaCl, The peaks were pooled as shown in 
Figure 8, concentrated by pervaporation and analyzed by acrylamide gel 
electrophoresis at pH 4.5 and 8,7. At pH 4.5 the basic proteins move 
toward the cathode. The protein pattern obtained on acrylamide gels at 
this pH (Figure 10) indicated that the majority of the basic proteins 
were present in peak A. A few were also found in peak B while no protein 
bands were observed in gels C and D at pH 4.5. At pH 8.7 the more acidic 
proteins could be observed (Figure 10). Two protein bands were observed 
in peak A and B under these conditions, four protein bands in peak C and 
nine faint protein bands in D. Total ribosomal proteins were also 
analysed (gel 70S) and were seen to contain seven protein bands on 
electrophoresis at pH 8.7. The two slower moving bands in gel D were 
not observed in the total ribosomal protein preparation. 
A number of experiments were performed with 10 ^  TRIS-HCI buffer 
pH 7.4 in ÔM urea. Five peaks were eluted as the sodium chloride concen­
tration was increased from 0.05 to 0,4M (Figure 9). The peak at 0.4N 
NaCl was not always obtained. When analyzed by acrylamide gel electro­
phoresis at pH 8.7 (Figure 11) one protein band was present in peak A, 
this peak probably contained all the more basic proteins which migrate 
toward the cathode and would not appear on the gel. Peak B contained 
five faint bands while peak C contained five major bands and two very 
faint bands, peak D contained two protein bands and peak E one protein 
band. Ko protein was obtained from F. In experiments with both buffer 
Figure 8. DEAE-cellulose chromatography of 70S ribosomal protein with sodium phosphate 
buffer ( I \ fractions pooled) 
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Figure 9. DEAE-cellulose chromatography of 70S ribosomal protein with ÏRIS-HGl buffer 
( I 1 fraction pooled) 
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Figure 10. Acrylamide disc-gel electrophoresis of fractions eluted from 
DEAE-cellulose with sodium phosphate buffer (The letters 
correspond to the peaks in Figure 8) 
Figure 11. Acrylamide disc-gel electrophoresis of fractions eluted from 
DEAE-cellulose with TRIS-HCl buffer (The letters correspond 
to the peaks in Figure 9) 
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systems it was again observed that one protein band was eluted in a number 
of different peaks. 
One protein band in peak A in both the experiments with TRIS-HCl 
buffer and the one with sodium phosphate buffer moved toward the cathode 
during electrophoresis at pH S.7 as did the more acidic proteins. Since 
the more acidic proteins were expected to be adsorbed to the column 
we determined whether this component did not adsorb because the 
column had been overloaded. Peak A was, therefore, rechromatographed 
and again the protein band which moved toward the cathode at pH 8.7 was 
eluted with the first buffer. This indicated that the column had not 
been overloaded at first and that this protein was not adsorbed to the 
resin. Chromatography on DMS cellulose especially with TRIS-HCl buffer 
could develop into a useful method for isolating a few of the more acidic 
ribosoraal proteins. 
TZAE-cellulose was used with 10~%î sodium phosphate buffer at pH 9.9 
and 10"% TRIS-HCl at pH 9.0 or 9.2 to see whether more r-proteins would 
adsorb at these higher pHs. In the three instances about half of the 
protein applied to the column came off at low ionic strengths. As most 
of the protein did not adsorb to the column we did not do any further 
work with the TEAE-cellulose resin. 
Fractional extraction with perchloric acid 
Extraction procedure In 1959 Crarapton and Petermann pointed out 
the similarities between histones and ribosoraal proteins (Crampton and 
Petermann, 1959). This comparison suggested that fractionation methods 
used for histones might be of value for the fractionation of r-protein. 
We have adapted the methods described by Johns (1964) for the 
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extraction of calf thymus histones to ribosomes. The first step used 
by Johns, extraction with 0.5N PCA, turned out to be useful for our 
purpose. The additional steps used for histone fractionation, extrac­
tion with ethanol and/or acidified ethanol, were not directly useful 
for fractionation of the r-proteins but preliminary experiments indicate 
the possibility that modifications of the technique may make it valuable. 
Ribosomal protein was extracted with 0.5N PGÀ and the solubilyzed 
proteins prccipitatcd with twenty pcrcent TCA (fraction F]_) (see experi­
mental section for details). The yield of fraction was between 2.5 
and 4.5 percent of the total ribosomal RNA., Disc-gel electrophoresis 
of fraction Fj_ indicated the presence of three major components labeled 
1, 2 and 3 in Figure 12b and a number of minor bands. Comparison of the 
proteins in F]_ and total ribosomal protein was made on a split gel in 
Figure 12c. The three prominent bands in Fj_ coincide with the fastest 
moving and therefore the most basic component of the total protein. 
In some cases faint bands were observed above and below band 2 which 
were not present in the total ribosomal protein. Another such component 
could be observed above band 3. These faint bands might represent 
degradation products or proteins which were present in such low concen­
trations in the total protein preparation that they could not be 
detected. The pellet (P^) left after extraction with 0.5N PCA was 
suspended in 4M urea and 3M LiCl to extract the remaining protein. 
Acrylamide gel electrophoresis showed that P]_ contained the more acidic 
proteins (Figure 12d). In most experiments bands 1 and 2 were absent 
from while some material corresponding to band 3 was still present 
(Figure 12d) indicating either that this conponent had not been completely 
Figure 12. Acrylamide disc-gel electrophoresis of ribosomal proteins 
a. 70S proteins 
b. Proteins of fraction 
c. Split gel of 70S proteins (left) and F^ proteins (right) 
d. Proteins of fraction P^ (left) and proteins of fraction 
Fl (right) 
e. Proteins of fraction F2 
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extracted or that it contained two proteins one of which was extracted 
while the other remained in pellet 
As mentioned earlier we tried to further fractionate the proteins 
of pellet by methods analogous to those described by Johns (1964) 
but the results were not too satisfactory. When pellet was incubated 
with 95 percent ethanol no protein was extracted into the alcohol. Use 
of 75 percent ethanoi containing 0.25N HCl resulted in the extraction of \ 
a number of proteins into the acidified ethanol (fraction F2)° Nine 
major bands and 3 faint bands were observed (Figure 12e)» No further 
efforts were made to fractionate F2 t)ut additional work along these 
lines might be worthwhile. 
Extraction with different perchloric concentrations The PCA 
concentration used for the extraction of was varied to find the concen­
tration best suited to our conditions. The extraction and further treat­
ments were repeated exactly as described earlier using 0.25N, 0.5N, 0.7N 
and l.ON PCA. The extracted proteins gave patterns on disc-gel electro­
phoresis similar in all cases to those described previously for the 
extraction with 0.5N PCA (see Figure 12b). Some of the minor, slower 
moving bands appeared to be more intense in the samples extracted with 
0.25N or 0.5N than in the others. Extraction with 0.7N or higher PCA 
concentrations resulted in the solubilization of only small amounts of 
band 1 in some cases. 0.5N PCA was used for the extraction of F^ in all 
of the follwoing experiments. 
Time of extraction Two identical samples were extracted with 
0.5N PCA for different lengths of time, 15 minutes and 4 hours, to 
determine the effect of varying the time of exposure to PCA. No 
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differences in the protein pattern on acrylamide gel electrophoresis were 
observed. Hence a fifteen minute extraction period was chosen for use 
in the following experiments in order to minimize degradation of the 
protein. 
Further fractionation of fraction Fi into individual protein 
components Since fraction contained a relatively small number 
of protein bands, we tried to.separate them by chromatography on CM-
cellulose. Protein was eluted from the ion-exchange cellulose by a 
stepwise increase in the concentration of sodium acetate buffer from 
O.OIN to 0.4N. The pH was maintained at 5.4 and all buffers contained 
6M urea (Waller, 1954). The absorbance at 280mp of the proteins in F^ 
was very low, therefore the elution pattern in all the following experi­
ments was monitored by means of the Lowry reaction which produces a blue 
color with an absorption at 750mja. 
A number of small scale experiments were carried out using 5-8mg of 
protein to determine whether a good reproducible fractionation could be 
obtained. A representative experiment is shown in Figure 13. The 
elution pattern obtained was generally reproducible with some minor 
variations. At low ionic strength (0.01N-0.15N) a number of small peaks 
were eluted probably representing the small amount of more acidic 
proteins (slow migration during electrophoresis) present in F^. Two 
major peaks were eluted at 0.2N sodium acetate and a third peak at 
0.25N sodium acetate". In some experiments an additional peak was 
eluted at 0.4N sodium acetate while in other experiments this peak 
was absent. Disc-gel electrophoresis showed that peaks G, H and I all 
contained one major protein band (Figure 14) which had the same mobility 
Figure 13. Chromatography of the proteins in fraction F]^ on CM-cellulose ( 
fractions pooled) 
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Figure 14. Disc-gel electrophoresis of fractions eluted from CM-
cellulose (The letters correspond to the peaks in 
Figure 13) 
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as band 2 (middle band) in fraction a number of minor constituents 
were also visible (see H in Figure 14). Peak L contained a protein 
moving with band 1 (fastest band) on disc-gel electrophoresis using 
split gels. In some cases three bands were observed in this component 
(Figure 14), These might be degradation (hydrolysis) products or 
represent a disagreggation of one or more other proteins. No protein 
corresponding to band 3 was seen in these small scale experiments, 
except for a faint band in peak H. Fractions G, H, I were repeatedly 
obtained and appeared to be almost pure. Threfore the.fractionation on 
the Cli-cellulose column was repeated on a larger scale. 
A CM-cellulose column 8cmx2.2cm was packed and 50mg of fraction Fj^ 
were applied to the column. As in the small scale experiments a number 
of minor peaks were eluted at low ionic strengths, 0.Û1N-0.15N sodium 
acetate (Figure 15). Peaks G and H were eluted at 0.2N sodium acetate 
as before; peak H was much.broader in the experiment represented here 
than in the majority of similar experiments. A small peak, peak F, was 
eluted just before peak G and probably represents a minor component not 
observed in experiments involving small amounts of protein. At 0.25N 
sodium acetate a heterogeneous component, peak I, came off the column. 
In one experiment this was resolved into two peaks, one which was eluted 
at 0.25N sodium acetate and a smaller component which came off the column 
at Û.3N sodium acetate. At 0.3N sodium acetate two additional peaks L]_ 
and L2 were eluted from the column. L2 corresponded to peak L in the small 
scale experiments (Figure 13); in those experiments it was eluted at 0,4N 
sodium acetate. Peak was not obtained in the small scale' experiments 
probably because too little of it was present to be detected. Since they 
Figure 15. Preparative-scale chromatographic separation of the proteins in fraction on 
CH-cellulose ( | 1 fraction pooled) 
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contain only minor amounts of protein, peaks A, B and F were not further 
investigated although peak F did contain one of the slower moving (more 
acidic) consonants as shoxm in Figure 16. 
The proteins from each peak were analysed by acrylamide disc-gel 
electrophoresis. Peak G contained essentially one band which migrated 
with band 2 of the original fraction (Figure 16). A small amount 
of a slower moving protein contaminant probably the component present 
in peak F could be observed. Peak H showed one major peak which also 
migrated with band 2 of Fj_ (Figure 16). In earlier experiments it had 
been observed that peak I contained more than one band. Therefore peak 
1 was divided into three portions and each was pooled separately as 
indicated in Figure 16. Fraction contained one band moving with 
band 2 of F^. I3 consisted primarily of one protein corresponding to 
band 3 of fraction F^ with minor amounts of two contaminants. The 
central portion of the I peak, Ig, was evidently a mixture of the two 
proteins (Figure 16), it contained two components which migrated with band 
2 and 3 of F^. It was mentioned before that in one experiment I was 
resolved into two components with the additional peak eluting at 0,3N 
sodium acetate, just after peak I. This component corresponded to I^» 
A number of minor constituents pres.ent in fraction were eluted from 
CM-cellulose as peak L]_; three bands were present (Figure 16). Peak L2 
contained one protein which migrated with band 1 of fraction Fj_. 
The three major bands present in the starting material, fraction F]_, 
were separated by CM-cellulose chromatography into four major fractions. 
Three of these, G, H and L2, were almost pure as judged by disc-gel 
electrophoresis (Figure 16). It is. interesting to note that the 
Figure 16. Acrylaraide disc-gel electrophoresis of the fractionated 
proteins from fraction F^; total protein in fraction F^ 
is represented at the right side of each gel, the 
fractionated protein on the left (The letters correspond 
to the peaks in Figure 15) 
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proteins in peaks G, H and one component of I all migrated with band 2 of 
fraction on disc gel electrophoresis. 
Rechromatography of individual pealcs 
A number of the components separated by chromatography on CM-
cellulose were rechromatographed for two reasons: a) to improve their 
homogeneity since several were not entirely pure (see Figures 14 and 16) 
b) to test their behaviour on being chromatographed on CM-cellulose for a 
second time. 
Rechromatographv of peak G The protein in peak G, from an experi­
ment similar to that shown in Figure 15, was concentrated to 0.5ml and 
rechromatographed on a CM-cellulose column lOcmxlcm under exactly the 
same conditions- used for the large scale experiments. One peak was 
observed, and again this was eluted at the same ionic strength, 0.2N 
sodium acetate, as before (Figure 17). Acrylamide gel electrophoresis 
demonstrated that protein G had been further purified by the second 
chromatographic step; a number of minor contaminants had been removed 
(compare Figures 20 al, all, alll, and alV). 
Rechromatographv of peak H The fractions containing protein 
from peak H, obtained in an experiment similar to that shown in Figure 
15, were pooled and concentrated. Peak H as obtained after CM-cellulose 
chromatography for the first time contained one band corresponding to band 
2 of fraction F^ and a faint band moving with band 3 of fraction F]_ 
(Figure 20 bV). The protein was rechromatographed on a CM-cellulose 
column Scmxlcm under the same conditions and with the same buffers used 
for the original chromatography. Two peaks were eluted (Figure IS) 
one at O.IN sodium acetate and a second at 0.2N sodium acetate with 
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some Folin-positive material elating in between. The first peak at O.IM 
sodium acetate was not expected and when concentrated and analysed by 
acrylamide gel electrophoresis, no protein band was observed. We do not 
know the significance of this peak. The second peak was eluted at 0.2N 
sodium acetate, as expected for peak H (see Figure 15). When concentrated 
and analysed by acrylamide gel electrophoresis one peak moving with band 
2 of fraction F^ was observed (Figure 20 bVI). 
Rcchromatorrraphv of peak I Peak I, in most experiments, contained 
two protein components which migrated with bands 1 and 2 of fraction 
on disc-gel electrophoresis. Except in one experiment, both proteins 
were eluted together at 0.25N sodium acetate and when rechromatographed 
and eluted in a stepwise fashion no further separation between them could 
be obtained. In order to resolve the two components peak I2 from the 
experiment shovTn in Figure 15 was rechromatographed on a 6.5cmklcm column 
of CM-cellulose; protein was eluted with a linear gradient of sodium 
acetate from 0.15N to 0.25N. By this method fraction I was resolved into 
two peaks (Figure 19) each of which contained one protein band. The first 
was eluted at 0.2N of sodium acetate and contained a component which 
migrated with band 2 of fraction F]_ (Figure 20 cVII). The second protein, 
which was eluted at 0.225N sodium acetate, moved with band 3 of fraction F]_ 
on disc-gel electrophoresis (Figure 20 cVIII). 
N-terminal analysis of the purified proteins of fraction F]_ 
The amino terminal group of the proteins in fraction F]_ and proteins 
in peaks G, H, ^.nd Lg were determined by reaction with 
fluorescent DNS-Cl (Gray and Hartley, 1963). The protein samples were 
hydrolysed for 29 hours and the dansylated end groups separated by 
Figure 18. Purification oj; jn-ak U by Figure 17. Purification of peak G by 
rechromatography ou CM- rechrornatography on CM-
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5 
4 
0.2N 
2 
45 50 55 60 
FRACTION NUMBER 
.12 
.10 
0.1 N 0.I5N 02N 
.02 
10 20 
FRACTION NUMBER 
Figure 19. Rechromatography of peak I2 on CM-cellulose 
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Figure 20. Acrylamide disc-gel electrophoresis of purified ribosomal proteins 
a. Purification of peak G 
I fraction (right), peak G before rechromatography on CM-cellulose (left) 
II peak G after rechromatography 
III peak G before rechromatography (right) and after rechromatography on CM-
cellulose (left) 
IV fraction (left) and peak G after rechromatography 
b. Purification of peak H 
V fraction Fj^ (right), peak H before rechromatography (left) 
VI fraction (right) and peak II after rechromatography on CM-cellulose (left) 
c. Purification of peak I2 (Figure 15) 
Vil fraction F, (left) and the peak eluted at 0.2N sodium acetate from CM-
cellulose (right) 
VIII fraction F(left) and the peak eluted at 0.225N sodium acetate (right) 
(band 1 of fraction Fj^ fainted) 
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thin layer chromatography on silica gel G using several solvents (see 
Methods). DNS-Hi2 (0.1-2.0mu moles) was added to each sample after 
it was spotted on the thin layer plate as an internal standard. The 
ÛN3-M2 moves faster than any DNS-amino acid (Figure 21), and the most 
reproducible means of identifying each DNS-araino acid was to determine 
the ratio of the distance it migrated to the distance ÛNS-NH2 migrated 
(R value).,. The dansylated end groups of fraction Fi and of the purified 
proteins H, !]_, I3 contained one fluorescent spot (Figure 21)^ with an 
R value close to that of the alanine (Table 3). The R values in Table 
3 are the averages of 5-7 runs. 
Fraction G contained one spot with an R value close to that of 
alanine and a second spot moving just behind the DNS-ÎÎH2 spot. Peak G 
used for these end group determinations contained a minor contaminant 
and this might account for the two end groups. The amino acids with 
mobilities close to that of DHS-3S!H2 are leucine and isoleucine (Morse 
and Horecker, 1966). The spot moving behind the DNS-Mi2 group should 
also be present in peak F ; it was not, however, observed. This could 
mean that this spot is an artifact or that it was present in F]_ at a 
concentration too low to be detected. No end groups were seen in sample 
, probably because sample contained very little protein. In most 
of the thin layer chromatography runs the dansylated derivatives from 
peak L2 appeared as a streaky band from the origin. In Figure 21 three 
spots can be seen in this area, ivhen very small amounts of L2 were 
^The picture in Figure 21 was taken one month after the hydrolyzate 
of dansylated proteins was originally prepared. The streaks behind the 
spots were not present at first. 
Figure 21. Thin layer chromatography of the dansylated N-terminal amino acids of fraction 
and peaks G, H, I^, and Lg (The letters correspond to the peaks in 
Figure 15) 
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Table 3. Il values of dansylated N-terminal groups 
Alanine Methionine G H II ^2 
R values 0.48 0.52 0.47 0.48 0.47 0.46 0.48 
spotted only the fastest spot was seen and the R value of this spot was 
close to that of alanine (Table 3). As was mentioned earlier in one of 
the small scale experiments peak L (Figure 14) corresponding to L2 con­
tained three proteins when examined on acrylamide gel electrophoresis. 
This could be an artifact since it was found only once or it could be 
that peak L2 contained three proteins with the same mobility but different 
end groups. 
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DISCUSSION 
The Effect of EDTA on Ribosomal Subunits 
The removal of magnesium from purified 30S particles resulted in the 
appearance of two different particles, one sedimenting at 27S and the 
second at 17S-23S. On restoration oftiie Mg ^ (10 ^ M) concentration 
27S particle was converted to a particle which sedimented at 31S-32S 
like the original 30S subunit, while the 17S-20S component was transformed 
to a 27S particle. The sedimentation coefficient was lower than that of 
the normal 30S subunit (30S-31S) in a number of experiments and it is not 
clear whether this is identical with the original 30S. These changes in 
the sedimentation values of the 30S particle could be due to conforma­
tional changes, loss of protein or degradation of the RNA. 
iJhen a mixture of 50S and 30S ribosomes was dialysed against EDTA 
(Weller, 1966) one particle sedimenting at 30S was observed. This 
contained material, from both the original 50S and 30S ribosomal subunits. 
The behavior of the normal 30S subunit could not be clearly determined 
in these experiments because it was masked by the converted 50S particles 
(30"S). The RNA/protein ratio of these transformed particles was the 
same as that of the normal 50S and 30S particles. The RNA of the EDTA 
treated 50S and 30S was extracted and two components sedimenting at 23S 
and 16S were obtained. These findings indicate that no protein was lost 
from the transformed particles and the RNA molecules were not damaged. 
Although in the work reported here we did not study the RNA/protein ratio 
and did not extract RNA from the transformed 303 particle it is clear from 
the results obtained by Weller (1965) on the mixture of 30S and 50S 
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ribosomes that no protein was lost from the transformed 30S and that 
the 16S MA in this particle remained undamaged. Therefore, the change 
in the sedimentation value of the EDTA treated 30S cannot be attributed 
to protein or RNA loss. 
The intrinsic viscosity of the 30*S particle prepared from purified 
 ^2 50s was increased on removal of Mg (Weller, 1966). These observations 
indicate that at low magnesium ion concentration the SOS particle under­
went a structural change resulting in a loosened or expanded particle 
(see also Gesteland, 1966). The changes occurring in the 30S particle 
upon the removal of may also be the result of similar structural 
changes. Gesteland (1966) in related studies with the 303 subunit 
obtained two particles sedimenting at 26S and 16S after dialysis against 
2DTA. Gesteland reported that the change from 303 to 263 might involve 
a discrete step while the change from a 263 to a 163 component is a 
gradual process that reflects slight structural changes occuring for 
each fraction of magnesium removed. Gesteland reported that addition 
of Mg^^ resulted in an increased sedimentation coefficient of the 
particle but aggregation occurred. Actually determinations indicated 
that the conversion to a 263 particle could be reversed by Mg^^ while 
the transformation to a slower sedimenting particle was not reversed. 
He found 22S components after adding Mg^ ^ to 303 subunits exposed to 
EDTA for extended periods. This lower 3 value (we observed 273) might 
be due to the fact-that Gesteland worked in buffers of higher ionic 
strength (10"% TRI3). 
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Attempts to Fractionate 503 Ribosomal Subunits 
Apparently not all the ribosomes lose their at the same rate 
(Ts'o and Vinograd, 1961; Weller and Horowitz, 1964). This may be an 
indication of a heterogeneous ribosorae population. To test this 
possibility the nucleotide analysis of the 5OS ribosomes remaining 
after treatment with EDTA and of the 30*3 particle formed as the result 
of this treatment was examined (Table 2). No significant differences 
in the nucleotide composition of the 503 ribosomes left after dialysis 
for varying periods of time against EDTA were observed (Table 2, 
experiment I), and no differences in nucleotide composition between 
SO'^S particles and the remaining 503 ribosomes could be shown (Table 2, 
experiment II). These results would appear to be an indication that 
ribosomes are homogeneous, at least as far as their RNA component is 
coiiccrned. It should be indicated, however, that the method used is not 
very sensitive and would not detect differences in the nucleotide 
sequence* Sequence analysis and a composition of protein patterns on 
acrylamide gel electrophoresis would be a more definitive way of 
answering the question of ribosomal heterogeneity. Data obtained from 
end group analysis of ribosomal RM indicated that this RNA might be 
heterogeneous. Studies of the 5' end groups showed the 163 RNA molecule 
to contain 74 percent of A and about 24 percent of G, G and U, while 
the 233 RNA molecule contained 68 percent G and the remaining 32 percent 
were C, A and U (Takanami, 1967). The heterogeneity of the 5' end 
group could be the result of cross contamination, or degradation of the 
fragile ribosomal RNA molecule during the analysis procedure. It could 
also be an indication that smaller amounts of other RNA components were 
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present and that the RNA is not homogeneous. 
The 3' end.groups of the 163 molecule were 71 percent A and 23 
percent U, while those of the 23S RNA molecule were 48 percent U and 26 
percent A (Mcllreavy and Midgley, 1967). These results may also be an 
indication that the ribosomal RNA is heterogeneous. On the other hand 
reticulocyte ribosomal RNA seems to be homogeneous. High molecular 
weight fragments of reticulocyte ribosomal RNA were obtained by digestion 
with RNAase T^. The number of moles of each fragment per mole of 
ribosomal RNA has been calculated and the values are. in most cases 
around unity. This suggested that all the ribosomal RNA molecules 
within the reticulocyte contain at least some common sequences (Gould, 
1967). 
Ribosomal Proteins 
Ribosomal proteins present a very complex pattern on acrylamide 
gel electrophoresis. The significance of the heterogeneity and the 
actual degree of complexity are unclear. It is possible that this 
heterogeneity is due entirely or in part to artifacts such as adsorption 
of extraneous proteins to the ribosomal particle, aggregation, bond 
formation, carbamylation or the adsorption of nucleotides to the 
ribosomal proteins. Our results as well as those of others bear 
on these questions. The ribosome is a negatively charged particle and 
tends to adsorb proteins especially the basic ones (Petermann, 1964). 
DNAase, RNAase polynucleotide phosphorylase these enzymes and others were 
found to adsorb to the ribosome during its purification. Removal of 
these proteins from the ribosome did not affect the activity of the 
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ribosomes in protein synthesis. To find out whether the heterogeneous 
protein pattern on acrylanide gel electrophoresis is due to extraneous 
proteins adsorbed to the ribosome, ribosomes were prepared by a number 
of different methods: in buffers containing low and high concentrations 
of magnesium ions. Much of the adsorbed protein bound to the ribosome 
can be removed by repeated washing at high concentrations (Petermann, 
1964). At high salt concentrations proteins were adsorbed less tightly 
and can be removed more easily (Kurland, 1966; Lucas-Lenard and Lipmann, 
1966, Seeds and Conway, 1966); therefore, ribosomes were prepared in 
buffers containing ammonium sulfate or ammonium chloride. The protein 
pattern of the ribosomes prepared by each of these methods was analysed 
and no differences were observed. Traut (1966) also found that the 
ribosomal protein pattern was unchangeable whether the ribosomes were 
prepared from cells broken by grinding with alumina or by lysis of 
washed spheroplasts and washed by methods similar to those described 
above. Therefore it seems unlikely that the protein complexity of 
the ribosome could to any significant degree be attributed to the 
presence of extraneously bound proteins. It is clear that by repeatedly 
washing of the ribosome proteins are removed. Are all these proteins 
extraneous or are some of them part of 'the ribosomal structure? As long 
as little is knom about the structure and function of r-proteins it 
will be difficult to answer this question even by checking whether the 
ribosome has lost activity. Ribosomes washed with high salt concentra­
tions are active but only after the addition of initiation factors which 
were washed off during the washing procedure (this is true when natural 
messenger RNA is used). Initiation factors are not regained with most 
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synthetic polynucleotides (Attardi, 1967), 
A small number of proteins could form a very complex mixture of 
aggregates. It has been sho:fn that ribosomal proteins resemble histones 
(Grampton and Fetermann, 1959) and it is known that arginine rich histones 
have a tendency to aggregate (Hnilica and Bess, 1965). Ribosomal 
proteins are also knoim to aggregate over a wide pH range (Spitnik-
Hlson, 1964). Protein aggregates could be dissociated in high salt 
or high concentrations of urea. A large number of protein bands on 
electrophoresis wag obtained even though the ribosomal proteins were 
prepared in 4M urea and 3M LiCl and then dialysed against 81-1 urea. 
Traut (1966) obtained a complex protein pattern when ribosomal proteins 
in SM urea were heated to 100°C. Under these conditions aggregation is 
almost impossible. 
Another possibility for the appearance of additional protein bands 
on electrophoresis is the formation of disulfide cross linkages between 
different molecules. Therefore, the ribosomal protein pattern was studied 
in the presence of mercaptoethanol, the protein pattern was identical to 
that of the normal r-proteins (Figure 12a). It seems unlikely, therefore, 
that disulfide linkages are responsible for aggregate formation. Results 
similar to ours were obtained by Traut (1966). Other evidence indicated 
that the oxidation and alkylation of the SH groups did not cause any 
changes in the complex protein pattern (Waller, 1964; Holler and 
Chrambach, 1967). In contrast to these results the alkylation of the 
ribosomal proteins of Neurospora erassa prevented the formation of 
aggregates in pyrophosphate buffer (Alberghina and Suskind, 1967). But 
it should be mentioned that the content of cystine/2 of these proteins 
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is about twice that of the cystine/2 present in E. coli r-protein. E. 
coli ribosoinal proteins labeled with cysteine were analysed on 
acrylamide gel electrophoresis (Traut et al., 1967). The distribution 
of radioactivity remained unchanged when the proteins were incubated with 
beta mercaptoethanol prior to electrophoresis. In addition it was shotfn 
that if labeled 50S ribosomes were mixed with non-radioactive 30S 
ribosomes"and the protein of these ribosomes prepared, the autoradiograph 
contained the same peak pattern as obtained from purified 503 ribosomes 
alone. These experiments indicate that no aggregation or binding between 
the proteins of the two subunits took place. 
ilibosomal proteins are usually prepared in £M urea and the gels used 
for electrophoresis contain 8M urea. Another possible source of artifact 
might result from the carbamylation of the free amino groups of the 
ribosomal proteins by cyanate ions which may be present in the urea. 
This could change the mobility of some proteins and lead to the appearance 
of additional protein bands. However, in our experiments the use of 
freshly deionyzed urea led to no changes in the pattern on acrylamide 
gel electrophoresis when compared to identical experiments with non-
deionized urea. Furthermore amino acid analysis of r-protein samples 
treated with 814 urea did not reveal the presence of homocitrulline which 
would be formed by the reaction of the £-Mij group of lysine with 
cyanate (Moller and Chrambach, 1957). The complexity of the ribosomal 
proteins is therefore-not the result of carbamylation. 
Other factors which might affect the migration of proteins were 
studied by others. Moller and Chrambach (1967) showed that r-protein 
preparations containing as little as one phosphorus atom per six protein 
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molecules yielded patterns indistinguishable from those of controls 
containing up to 10 "percent RNA. This rules out the possibility that 
the heterogeneity is a function of identical proteins with charge 
variations due to the adsorption of nucleotide contaminants. 
Nine proteins were purified from the 30S particle (Traut _et al., 
1967). A different finger printing pattern was obtained from each of 
the nine proteins. These indicate the presence of chemical heterogeneity 
among the ribosomal proteins. Functional heterogeneity of the ribosomal 
proteins was observed when r-proteins were removed by centrifugation in 
the presence of 5.2M CsCl (see Introduction_for details) (Nomura and 
Traub, 1966). 
The data discussed show that the protein band pattern is not due 
to a number of artifacts and that the heterogeneity probably represents 
a larger number of different proteins with differing amino acid sequence. 
Therefore we attempted to fractionate the r-protein to obtain a number of 
purified proteins. The separation of the r-proteins on anion and cation 
exchange resins was examined to determine the possibility of using these 
techniques to obtain a number of homogeneous protein fractions. Proteins 
from 70S ribosomes were fractionated on CM-sephadex using increasing 
concentrations of NaCl to elute the protein. A number of small peaks 
came off the column at low salt and four major peaks were eluted with 
the increase in salt concentration (Figure 4). A noticeable amount of 
trailing after each .peak was present. The disc-gel electrophoresis pattern 
of the peaks eluted at low salt, O.IN and 0.2N NaCl indicated that each 
peak contained four protein bands. 
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The acidic^ proteins were eluted at low salt concentration while more 
basic proteins were eluted at higher salt concentration (Figure 6). vTaen 
the 70S proteins were fractionated on CM-cellulose, using increasing 
NaCl concentration to elute the protein, six major peaks were obtained; 
some shoulders on the major peaks were also present but these were not 
pooled separately (Figure 5). The protein pattern of each peak on 
acrylanide-gel electrophoresis shows that a fractionation into several 
groups had again occurred; the more acidic proteins being eluted at 
low salt concentration while a gradual elution of the more basic proteins 
was observed with increases in ionic strength (Figure 7). 
Moller and Widdowson (1967) also fractionated r-proteins on CM-
cellulose using increasing concentrations of sodium acetate and ammonium 
phosphate respectively to elute the proteins. They also observed some 
fractionation of ribosomal proteins and showed that the percentage of 
basic amino acids was higher in the protein fractions eluted at 
higher salt concentrations. Traut _et al. (1967) were able to purify 
nine proteins from the 30S ribosomal subunit and one from the 50S 
ribosome by chromatography on CM-cellulose using a shallow gradient 
of sodium acetate to elute the proteins. The fractions obtained from 
the CM-cellulose column were further purified on sephadex G-lOO with 
M propionic acid or by counter-current distribution. 
Chromatography on both CM-cellulose and CM-sephadex appear to be 
suitable tools for separating ribosomal proteins into a number of 
^In our discussion we will refer to the proteins moving slower 
during electrophoresis at pH 4.5 as acidic proteins and those moving 
faster as basic proteins. 
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fractions. But because each fraction still contained about six 
or more protein components, no further attempt to fractionate 
the total ribosomal protein on these cation exchangers was made. 
A number of experiments were carried out with DEAE cellulose using 
two different buffers sodium phosphate pH 7.4 and TRIS-HCl pH 7.4. 
Except for the more acidic proteins most of the proteins prepared from 
the 70S particles did not adsorb to this resin. Four major peaks were 
obtained with sodium phosphate as buffer (Figure 8). The acrylamide gel 
electrophoresis runs at pH 4.5 and 8.7 showed that each peak contained 
at least four proteins. With the TRIS-HCl buffer six peaks were eluted. 
The peaks eluted with 0.05N and O.IN NaCl contained a number of proteins 
while the peaks eluted with 0.2N and 0.3N NaCl contained two and one 
proteins respectively. It would seem that with the use of TRIS-HCl 
buffer, chromatography on DEAE-cellulose could be useful in the separa­
tion of a number 01 the more acidic protein components. 
The data obtained from the chromatography on CM-cellulose, CM-
sephadex and DEA2 cellulose suggest that in order to obtain purified 
r-proteins CM-sephadex, CM-cellulose and DEAE-cellulose might be used 
consecutively. For example separation between the more acidic and more 
basic proteins could be obtained with CM-cellulose or CM-sephadex and 
the fractions containing the more acidic proteins could be further 
fractionated on DEAE cellulose. Moller and Widdowson (1967) 
chromatographed the proteins from 70S ribosomes on CM-cellulose 
eluting with a linear gradient of ammonium phosphate pH 8. One of 
the fractions obtained from the CM-cellulose was further purified 
on DEAE-cellulose witt^ammonium phosphate pH 6.7 and one partially 
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purified protein was obtained. 
Difficulties in preparing homogeneous protein fractions indicated 
that a partial separation into a number of fractions might make the 
problem easier. Therefore, no further attempts to fractionate 
ribosomal proteins on anion or cation exchangers were made. Instead 
a method widely used for the extraction of histones (Johns, 1964) was 
adopted to the extraction of the more basic protein fraction from • 
ribosomes. Ribosomes were treated with 0.5N perchloric acid (PCA); 
the PCA soluble fraction (Fraction P^.) contained three major bands 
and a small number of minor bands on acrylamide disc-gel electrophoresis 
(Figure 12b). The three major bands of fraction Fj_ coincide with three 
of the most basic proteins of the r-proteins (Figure 12c). This could 
also be an indication that these, proteins were not degraded during 
the extraction procedure. CM-cellulose was used for further purification 
of the proteins in F^. VThen fractionated on CM-cellulose four major 
peaks were usually obtained (Figures 13 and 15). Three peaks (G, H, L2) 
contained almost pure proteins (Figure 16) while one peak (I) contained 
two proteins which were further purified on CM-cellulose by means of 
a linear gradient, of sodium acetate between 0.15N and 0.275N. These 
two proteins from peak I could also be obtained separately when peak I 
was divided and pooled into three portions, fractions the leading 
edge, the trailing edge and I2 the center of the peak. Fraction 
contained one protein and fraction contained a different major protein 
plus two minor contaminants (Figure 16). 
Of the three proteins of fraction F^ protein 3 (Figure 12b) is the 
most acidic since it migrates more slowly toward the cathode at pH 4.5 
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than the proteins in bands 2 and 1. Therefore protein 3 was expected to 
be eluted from the CM-cellulose first, but it was eluted only at 0.25N 
sodium acetate. However, since the mobility of proteins on acrylamide 
gels depends on their shape as well as their charge due to the molecular 
seiving effect, it is possible that protein 3 moves more slowly than 
proteins 2 and 1 because of differences in shape and not in charge. 
A number of the purified proteins were chromatographed and were 
found to be eluted at the same salt concentrations as on the first 
chromatography. These results indicate that no changes in the protein 
occurred during chromatography. Three proteins eluted at 0.2N and 0.25N 
sodium acetate (peaks G, H, and !]_) had the same mobility as band 2 of 
fraction (Figure 16). The N-terminal of these three proteins was 
alanine. The N-terminal groups were analysed by the method described 
by Morse and Horecker (1966). This method is qualitative and no 
quantitative estimation of the number of end groups was possible. In 
the case of protein G a second fluorescent spot was observed on the 
thin layer chromatography of the dansylated end groups (Figure 21). 
The mobility of this spot seems to correspond to DNS-leucine or DNS-
isoleucine as these amino acids have an R value close to that of DNS-NH2; 
no such end group was reported for the r-proteins (Waller, 1963). Peak 
G contained a minor contaminant, or it is possible that it contained a 
degradation product and that the second end group was due to this 
component. 
It is - interesting that we obtained three proteins G, H and I]_ 
which were eluted from CM-cellulose at different positions and all 
three proteins contained the same end group and had the same mobility 
93 
on acrylamide gel electrophoresis. These may be three completely 
different proteins or contain essentially the aame amino acid sequence 
with small differences: a difference in one or a number of amino acids 
could affect the adsorption and elution from the CM-cellulose columns. 
Frequently the proteins of the 703 particles when analysed on 
acrylamide gel electrophoresis contained two protein bands corresponding 
to band 2 of fraction F]_. This -might explain the presence of two 
proteins with the same mobility but not of three. It has been reported 
that some proteins from the different subunits 503 and 303 appeared to 
have the same mobility on acrylamide disc-gel electrophoresis. This 
could be another explanation for the presence of two protein bands with 
the same mobility. In order to find out whether these proteins contain 
the same primary structure amino acid analysis and finger printing maps 
of these proteins would have to be obtained. Traut _et (1967) reported 
that they obtained two proteins which were eluted at different salt 
concentrations from a CM-cellulose column but had the same mobility on 
acrylamide gel electrophoresis. 
The end group of protein 3 (peak I^, Figure 16) was also identified 
as alanine. Waller (1964) analysed the end groups of the fractions he 
obtained from CM-cellulose and found that the more basic fractions 
contained a higher percent of N-terminal alanine than the more acidic 
fractions. 
Peak L2 contained a protein with a mobility identical to that of 
protein 1 (Figure 15). The sample from the hydrolysate of dansylated 
peak L2 in most of the thin layer runs appeared as a streak on the thin 
layer chromatograms. In some runs it appeared to contain three spots 
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(Figure 21) while in others one spot was observed with an R value close 
to alanine (Table 3). It is therefore not clear whether the protein in 
fraction !£ is a pure protein or whether three different proteins with 
an identical mobility were present in this fraction. In one of the 
small scale experiments three protein bands with the sàme mobility as 
that of band 1 were seen (Figure 14). 
Four and possibly five proteins were purified as shovm by chroma­
tography on CM-cellulose and acrylamide gel electrophoresis. The amino 
acid analysis of these proteins is being investigated. 
The pellet left after the extraction of fraction F-j_ was further 
fractionated with 75 percent ethanol containing 0.25N hydrochloric 
acid. Nine protein bands were extracted into the acidified alcohol 
(Figure 12e). Further fractionation of these proteins on anion exchange 
resins or preparative acrylamide gel electrophoresis should be investi­
gated. 
95 
SUMMARY 
A number of properties of ribosomes from the bacterium Escherichia 
coli were studied. These included aspects of the behavior of the 
-v2 
ribosomes at low ion concentrations and also involved an attempt 
to fractionate 50S ribosomal subunits. The major enphasis however, 
was on a study of ribosomal proteins and methods useful for their 
fractionation. 
Removal of from purified 303 ribosomes by dialysis against 
EDTA led to the appearance of two particles sedimenting at 27S and 
17S-20S. On restoration of the Mg^^ (10"\l) the sedimentation constants 
of the transformed particles increased to 31S-32S and 27S respectively. 
The change in the sedimentation constants appears to be the result of 
a transition in the 30S ribosome leading to the formation of a less 
compact structure;.an expansion analogous to the one observed for the SOS 
subunit. 
v2 Studies on the removal of Mg from ribosomes had shoivn that 
not all the ribosomes lose Mg at the same rate. This may be an 
indication of a heterogeneous ribosome population. To test this pos­
sibility, the nucleotide composition of the 5OS ribosomes remaining 
after exposure to EDTA and of the altered particle (30^'s) formed as the 
result of this treatment was examined. No significant differences in. 
nucleotide composition between the 30 S particles and the remaining 50S 
ribosomes could be shown. 
A number of methods for the fractionation of ribosomal proteins^were 
examined. These included chromatography on CM-sephadex, CM-cellulose, 
96 
DEAE-cellulose and TEAE-cellulose. Total ribosomal proteins were 
fractionated into 4-6 fractions in each case. However most of the 
fractions still contained a large number of protein components and 
a method for carrying out a preliminary fractionation of total 
ribosomal protein was sought. Since these proteins resemble histones 
in many ways a method widely used for extraction of the latter was 
adopted to the fractionation of ribosomal proteins. Î-Jlien ribosomes 
were treated with 0.5N perchloric acid, the acid soluble fraction, 
fraction contained three major and a number of minor bands when 
analysed on acrylamide disc-gel electrophoresis. The three bands of 
fraction Fi coincide with three of the most basic components of 
total ribosomal proteins. Fraction was further purified on CM-
cellulose and five protein fractions, homogeneous as judged by 
acrylamide disc-gel electrophoresis were obtained. Three of the 
proteins, though eluted separately on CM-cellulose had the same 
mobility as the middle of the three bands in fraction and all 
had the same end N-terminal group-alanine. The N-terminal group 
of the slowest migrating protein was also determined to be alanine, 
while the N-terminal group of the fifth protein was not determined. 
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